Abstract-Trapped surface wave (TSW) provides a flexible 2-D wireless solution when compared to existing wired and free space communications systems. This work aims to provide the theoretical guidance, supported by simulation techniques and experimental verifications, for 1) designing the wideband and highly efficient rectangular aperture TSW transducers and 2) selecting the best reactive surface impedance for high efficiency. First, a method for computing the TSW excitation efficiency is proposed for the first time and it can be applied to different kinds of reactive surface geometries and transducer apertures. Then, the relation between the TSW excitation efficiency, surface reactance, and aperture height is derived. Then, the maximum excitation efficiency, the corresponding optimal surface reactance, and aperture height are presented. Furthermore, the relation between the TSW angular coverage and aperture width is determined. These studies show that the aperture height mainly determines the TSW excitation efficiencies, while the aperture width controls the TSW angular coverage; hence, the two aperture parameters of a transducer can be independently determined. Finally, an experiment setup, based on the provided guidelines, has been built to demonstrate a 52 GHz wide 3 dB-transmission-bandwidth for high-performance communications systems.
I. INTRODUCTION
T HE trapped surface wave (TSW) is the one that propagates along a dielectric-coated planar conductor without radiation [1] . TSW is very similar to Zenneck wave [2] as both fields of the waves decay exponentially (∝r −1 , where r is range) in the propagating direction, but Zenneck wave is due to a Brewster zero, rather than a surface wave pole [1] , [3] . Many theories and experiments about TSW, including several different kinds of reactive surfaces and transducers [4]- [13] , especially on how to excite TSW efficiently were reported between the 1950s and 1970s. However, the TSW seems to have been forgotten between the 1980s and 2000s. Recently, traditional wired communications systems and space wave wireless communications systems are facing bottlenecks in some applications such as ultra-wideband communications over the sea [14] , wireless body area networks (WBANs) [15] , and millimeter-wave wireless interconnects for networks-on-chip [16] . Therefore, the TSW technology has attracted researchers' attention again because of its unique characteristics.
1) When compared to wired communications systems, it can provide one-to-many or many-to-one communication and higher reliability due to its characteristic of propagating along a robust 2-D surface [17] . 2) When compared to wireless communications systems based on the traditional space wave, it can provide three key advantages: a) enhanced power savings as its power is mainly spread over a 2-D surface instead of a 3-D sphere; b) non-line-of-sight communication because of its guided wave characteristic that propagates along a surface; and c) excellent EMC requirements because of its unique nonradiating characteristic. Fig. 1 suggests a possible TSW wireless communications system. It comprises a reactive TSW surface and a number of communication devices. The devices are communicating with each other by means of TSW surface through their TSW transducers. To utilize this system, the following two questions must be answered. 1) Cannot the guided wave be excited efficiently into TSW by a suitable transducer and reactive surface? 2) How much the TSW transducers angularly cover over the reactive surface? The existing study mainly concentrates on the first technology. The TSW excitation efficiency depends on both the transducer and reactive surface. Different surfaces have been studied including dielectric-coated metal surface [7] , corrugated metal surface [13] , and periodic structures surface (periodic structured surface or periodic structure) [18] . As for transducers, a horn [4] , dipole [5] , [6] , or an endfire array of slots [8] has been presented. The measurements of TSW excitation efficiency with these surfaces and transducers have been performed. However, these works have only involved single frequency point or narrowband applications. Aperture antennas, such as rectangular horn antennas, are good candidates for high efficiency and very wideband TSW communications. To the author's best knowledge, the detailed design method of rectangular aperture TSW transducer has not been reported. As for the second technology, the general theory has not been built completely so far. The aim of this paper is to work out these issues by studying the excitation efficiency of a rectangular aperture transducer on lossless reactive surface. The major contributions of this paper are as follows.
1) A simple TSW decision condition is derived using a logarithmic expression. The TSW power with different vertical heights is quantitated. 2) A valid and general method of computing TSW excitation efficiency is presented and applicable for all kinds of reactive surface and transducer.
3) The relation between the TSW excitation efficiency and surface reactance and aperture height is set up. 4) The relation between TSW angular coverage and aperture width is determined.
II. TSW EXCITATION EFFICIENCY AND APERTURE HEIGHT

A. Definition of TSW Excitation Efficiency
The TSW excitation efficiency is crucial to a TSW communications system. In order to excite pure TSW without radiation, Barlow and Brown stated that in addition to a lossless surface, an ideal transducer of infinite height with exponential decayE-field distribution along the height is required [12] . Obviously, it is not feasible to have an infinite height transducer. Even in the case of finite height, it is almost impossible to build up an exponential decayE-field along the height. This is because most rectangular aperture transducers are usually excited by the fundamental TE 10 mode which has uniform E-field distribution along the height. Therefore, it is inevitable that for a nonideal TSW transducer, some space waves and reflected waves at the aperture-air boundary will be present because of the mismatch between the practical uniform aperture field distribution and nonideal exponential decayed TSW field distribution as shown in Fig. 2 . We, therefore, define the TSW excitation efficiency η s as where P tot represents the total incident power, P spa represents the space wave power, P sur represents the TSW power, and P re f represents the reflected wave power. In [9] , the reflected wave power P re f is neglected. This is because the analytical model of the transducer is adopted in their work. However, a 3-D-model is used in this paper and the effect of the reflected wave power P re f will be considered. More accurate solutions will be obtained.
B. Computing Method of TSW Excitation Efficiencies
To obtain the TSW excitation efficiency, the TSW power (P sur ) must be determined first. To the authors' best knowledge, there are no commercial electromagnetic tools which can directly calculate TSW power. With the help of the TSW theory, an efficient computing method is represented in this paper.
1) Decayed Characteristic of TSW Vertically Away From the Reactive Surface: As shown in Fig. 2 , the reactive surface lies on the yz plane at x = 0 and the region x > 0 is air. Assume a TSW is bound to the reactive surface and propagates in the z-direction with propagation constant k. For a TM-polarized TSW, the E-field is decayed in the +x-direction and has the following form in the upper half-space [9] :
where the factor e j ωt − j kz has been omitted for simplicity, E x0 is the amplitude of the E-field, and α 1 is the decay constant in the +x-direction. Here, we assume E x0 = 1 without loss of generality.
For a pure reactive, i.e., a lossless surface (Z s = jX s ), then
where ω is the angular frequency, ε 0 is the permittivity in vacuum, and X s is the surface reactance. From (2), the E-field expressed in dB will be
Let h e represents the height when the E-field decaying to 1/e of E x0 ; from (2), we can get
Substituting (5) into (4) yields From (6), it shows that the E-field decay ratio with a normalized vertical height is −8.7 dB per h e , which is also plotted in Fig. 3 .
Furthermore, using (2), the percentage of TSW power at different heights can be obtained
Here, P 1 , P 2 , P 3 , and P 4 represent the percentage of TSW power in the range of 0 ≤ x ≤ h e , h e ≤ x ≤ 2h e , 2h e ≤ x ≤ 3h e , and 3h e ≤ x ≤ 4h e , respectively, and is shown in Fig. 4 . It can be seen that when x ≥ 2h e , the TSW power in the range of [0, x] will more than 98.2% of the total TSW power.
2) Computation of TSW Power: The TSW power (P sur ) can be evaluated by
where Re[] is the real part of a complex quantity, S is the TSW power integration boundary, E sur is the TSW electric field, and H * sur is the complex conjugate of TSW magnetic field.
Given the incident total power P tot , the values of E sur and H * sur can be retrieved from the electromagnetic simulation. To determine P sur , we only need to define a suitable TSW power integration boundary S. Since a TSW propagates along a reactive surface while a space wave power decays with the square of distance from the source, therefore, we set up the TSW power integration boundary from the source and the edge where the space wave is negligible. To ensure the space wave power is negligible, the TSW power integration boundary must meet the following two conditions.
Condition 1: The E-field variation of integration boundary satisfies −8.7dB/h e to guarantee a pure TSW and avoid the disturbance from the space wave.
Condition 2: The height of integration boundary, h s , must be greater or equal to 2h e . This will guarantee that the TSW power is more than or equal to 98.2% of the total TSW power; only insignificant amount of TSW is not considered.
To verify these two conditions, we can set some E-field sampling lines marked "E-field Line 1" and "E-field Line 2" in the simulation model as shown in Fig. 5 to investigate the E-field decay variation along these vertical lines. Ansys HFSS was used in the EM simulation models. As an example, a typical E-field distribution along the sampling line of the TSW integration face is shown in Fig. 6 . It can be seen that the E-field distribution is satisfied well with the TSW decayed rule of −8.7dB/h e when h s ≤ 4h e . Hence, the integration face is reasonable and we can choose 2h e ≤ h s ≤ 4h e as the height of integration face in this example. After determining the integration face, the TSW power (P sur ) can be obtained by using (8) .
3) Computation of the Radiated and Reflected Power: The reflected power P re f caused by the mismatch at the apertureair boundary can be expressed as
where represents the reflection coefficient at the feed port of the transducer. Therefore, the power coming out from the transducer P sur + P spa
4) Computation of the TSW Excitation Efficiency:
After determining the TSW power P sur and the reflected wave power P re f , the TSW excitation efficiency can be obtained by using (1) . If neglecting the reflected wave power as in [9] , the TSW excitation efficiency will be given as
C. Relation Between TSW Excitation Efficiency and Aperture Height With Pseudo 3-D Model for a Millimeter-Wave System
The rectangular aperture of a transducer basically has two design parameters: the height (H a ) and width (W a ). The height is related to the TSW excitation efficiency and the width mainly decides the TSW angular coverage in the yz plane. Therefore, a pseudo 3-D simulation model, with width equals to one free space wavelength (λ 0 ), is set up to calculate the relation among the TSW excitation efficiency, surface reactance, and the aperture height, as shown in Fig. 7 . Perfect magnetic boundaries in the two xz planes [14] are considered to save simulation time. The reactive surface is defined by impedance boundary in HFSS [19] . Wave ports are used to produce the uniform E-field distribution by a small vertical aperture with initial height h e (5) . For a given surface reactance X s , the simulations are performed at 60 GHz frequency band.
1) Verification of TSW Power Integration Face:
To verify the TSW power integration face, four TSW power integration faces with different heights, h e , 2h e , C3h e , and 4h e , are set up in Fig. 7 . A red E-field line is inserted to check if the E-field along the line satisfies the two TSW conditions mentioned in Section II-B.
As an example, a reactive surface with X s = j 200 is preliminaryly selected at 60 GHz and h e is found to be 1.5 mm based on (5). Fig. 6 shows the E-field distribution along TSW propagation direction in the xz plane. Fig. 8 presents the E-field distribution along the central red line. It can be observed that the E-field is satisfied well with −8.7 dB/h e when h s ≤ 4h e . And, the TSW power propagates through integration face of the first three heights are computed and summarized in Table I . As shown in Fig. 4 , the discrepancy between the theoretical total TSW power and that with the height of 4h e is only 0.03%, which is negligible, so the power percentages are evaluated by using (10) . Good agreements between theoretical and simulation results are observed. This indicates that the integration face is valid and we can choose 2h e ≤ h s ≤ 4h e as the height of integration face in this example. 1, 2, and 3) . (12) 2) Simulated Results and Discussion: After defining the TSW efficiency and validating the height for the integration area, we further investigate the relation between different transducer aperture heights (H a ) and surface reactance X s in the millimeter-wave frequency range. The corresponding TSW excitation efficiency is computed by (1) and (11), respectively. Fig. 9 shows the maximum TSW excitation efficiency as a function of surface reactance X s . The following can be seen.
1) As shown in Fig. 9 , the TSW excitation efficiency will increase with surface reactance X s . If the reflected wave power (P re f ) is neglected, the TSW efficiency will be above 95% when surface reactance X s is higher the j 200 . This is in good agreement with the magnetic line source results reported in [11] . 2) When the aperture field distribution mismatches with expected TSW field distribution, reflected wave will be incurred, in addition to space wave. The S 11 at the transducer aperture is included in Fig. 9 for reference as well. The existence of reflected wave results in decrease of TSW excitation efficiency. It is more serious in high surface reactance. When including the reflected wave, the maximum excitation efficiency can be obtained which approaches 95% when the surface reactance X s is around j 250 , as shown in Fig. 9 . Finally, Fig. 10 shows the corresponding optimal normalized transducer aperture height H a /h e as a function of surface reactance X s . The H a /h e ratio should be around 1.5 if the maximum TSW excitation efficiency, when X s is j 250 , is desirable. The ratio H a /λ 0 is also included in Fig. 10 for easy estimation of the physical height. In this case, the H a is about 0.36λ 0 , i.e., 1.8 mm at 60 GHz.
3) Transverse Field Distribution at Different Frequency Points: As explained in [20] , the transverse field distribution of a Zenneck wave does not vary with frequency. To demonstrate the wave described in this paper is indeed surface wave, we plot the transverse component of the E-field (Ez) at 30, 60, and 90 GHz along the propagation direction, as shown in Fig. 11 . When compared to [20, Fig. 3], Fig. 11(a) shows a significant difference between the fields at the three frequency points. In addition, it can also be observed from Fig. 11(b) that the field becomes more concentrated to the dielectric/conductor interface when the frequency increases, which is agreed with the results in [20] as well. Therefore, the wave studied in this paper is surface wave, not Zenneck wave. In Section II, the optimum surface reactance and transducer height combination for maximum TSW excitation efficiency have been discussed. When designing a practical transducer, the angular coverage of TSW in the horizontal plane has to be considered as well. Therefore, in this section, a full 3-D model is built to study the relation between the angular coverage and the transducer width, as shown in Fig. 12 . A transducer with a rectangular aperture on a lossless reactive circular surface is considered. The radius of the circular surface is selected to be 20λ 0 to mimimize the reflection at the perimeter. The operating frequency is 60 GHz (λ 0 = 5 mm), and surface reactance is chosen to be j 250 which is the optimal value for maiximum excitation efficiency, as illustrated in Fig. 9 . Then, we can evaluate h e = 1.2 mm and H a = 1.8 mm (0.36λ 0 ) from (5) and Fig. 10, respectively. 
A. Effect of Aperture Width on the TSW Excitation Efficiency
First, to further explain the validation of the computing TSW excitation efficiency of a pseudo 3-D model, the effect of the aperture width W a on TSW excitation efficiency is studied in a full 3-D EM simulation model. The calculated TSW excitation efficiency of a rectangular aperture transducer with three different aperture widths (W a = 1.0λ 0 , 1.5λ 0 , and 2.0λ 0 ) are listed in Table II . It is clear that the TSW excitation efficiency from the full 3-D model is close to that of the pesudo 3-D one, i.e., 94.44%. It also shows that the aperture width has less impact on the TSW excitation efficiency.
On the other hand, it is seen that the TSW excitation efficiency from the full 3-D model is sightly lower than that of the pesudo 3-D one. This can be explained that in the pesudo model, some space wave is reflected at the perfect magnetic boundaries, and the reflected space wave with incident angle larger than the Brewster angle to the reactive surface in the xz planes will turn into TSW. However, this phenomenon does not occur in the 3-D model because free radiation boundaries are considered; thus, the TSW excitation efficiency from the 3-D model will slightly be less than that from the pesudo model. Moreover, the E-field distribution with three different aperture widths of the transducer W a in the yz plane at x = 0 is illustrated in Fig. 12 . It can be observed that an aperture transducer produces a directional coverage, and the coverage angle φ 0 is basically inversely proportional to the transducer width. Therefore, less energy propagates toward the xz planes in the pesudo 3-D model, and the TSW excitation efficiency gradually approaches to the results of pesudo 3-D model as the aperture width increases.
B. TSW Angular Coverage in the Horizontal Plane
When the transducer is excited by fundamental TE 10 mode with cosine E-field distribution over the transducer width as shown in Fig. 13(a) , the excited TSW E-fields remain the cosine variation in the φ-direction over the reactive surface. To establish the relationship between the angular coverage and aperture width, a cosine function is highly suitable to fit the E-field distribution in the φ-direction. Therefore, the E-field propagation outside the rectangular transducer aperture can be approximately expressed as the following relationship:
where E φ 0 is the amplitude of E-field in the φ-direction, φ 0 is the half-angle of the TSW beam, and φ 0 ≤ π. In (12), it is assumed that the TSW E-field is only inside the range of [−φ 0,+ φ 0 ] and is null outside φ 0 , as shown in Fig. 13 . φ 0 is related to the aperture width. To extract the value of φ 0 , three sample aperture widths, W a = 1.0λ 0 , 1.5λ 0 , and 2.0λ 0 , are applied, as shown in Fig. 14 . Then, we can obtain
From Fig. 14 , it can be observed that (13) agrees reasonably well with the E-field distribution above −15 dB. Furthermore, using (14), we can obtain the half-power angular coverage φ 3 dB
C. Effect of Aperture Height on the TSW Excitation Efficiency
The width of the transducer aperture, W a , is fixed at the value of 7.5 mm, i.e., 1.5λ 0 at 60 GHz, and the apeture height of the transducer H a is changed. The E-field distribution with three different H a (0.08λ 0 , 0.36λ 0 , and 0.56λ 0 ) in the xz plane are shown in Fig. 15. Fig. 16 shows the TSW excitation efficiency of different rectangular transducers with the height varying from 0.08λ 0 to 0.56λ 0 . The maximum TSW excitation efficiency, 92%, occurs when the height is 0.36λ 0 (1.5h e ), which is consistent with the results from the pseduo 3-D model. If the transducer height displaces from the best value, the excitation efficiency will drop. It can be explained that when the surface reactance and operating frequency are given, the decay constant α 1 can be determined by (2) , and the E-field distribution on the reactive surface will be defined, and the maximum TSW excitation efficiency will occur when the aperture E-field distrubution has the best matching status with the TSW E-field distrubution. The optimal tranducer height can be found in Fig. 10 . If the transducer height displaces from the best value, more space wave will be incurred due to the severer mismatch between the E-field distribution in the rectangular transducer aperture and that propagating on the reactive surface and, thus, decreases the excitation efficiency.
Meanwhile, the transducer shows the TSW excitation efficiency better than 50%, i.e., 3 dB when compared to input power (P tot ), from 0.08λ 0 to 0.60λ 0 , which indicates its wide operating frequency band feature. 
IV. EXPERIMENTAL VERIFICATION
To verify the proposed theoretical study, in addition to the full 3-D EM model including the two TSW transducers of the properly designed aperture and the corresponding TSW plane, an experiment setup as shown in Fig. 17 was built. The two TSW transducers with the aperture dimensions based on the theoretical results shown in Section II centered at 60 GHz for covering the millimeter-wave frequency range are designed. The separation between the two transducers was fixed at 140 mm (28 λ 0 at 60 GHz) for the measurement. A Keysight N5250A-017 millimeter-wave network analyzer available at the City University of Hong Kong, Hong Kong, was used for the transmission (S 21 ) test of the surface wave platform. The authors would like to point out that it is impossible to realize the virtual waveguide ports described in Section II. To achieve the highest accuracy, the network analyzer was first calibrated and normalized to eliminate the cable and TSW transducers effects, i.e., S 21 equals 0 dB when the two transducers were directly connected, as shown in Fig. 18 . Then, the two transducers are placed on a piece of conventional single-side microwave substrate. Taconic TLY-5 microwave substrate (ε r = 2.2, thickness = 0.38 mm, 300 × 300 mm 2 , and tanδ = 0.0009 at 10 GHz) was selected based on the surface impedance (Xs) it can provide and the low dielectric loss when compared to other microwave substrates available in hand. The surface impedance of the Taconic TLY-5 substrate across the millimeter-wave frequency band can be evaluated by (16) and (17) described in [9] where the skin depth of a copper sheet, , is
The dielectric substrate is of thickness h sub , dielectric constant ε r , the operating frequency f , and conductivity σ . Fig. 19 shows the variation of the surface impedance between 10 and 100 GHz. At 60 GHz, the surface impedance of the TSW platform equals j 100 . Although it is not the optimal j 250 impedance, it demonstrates the guidelines for determining the initial transducer aperture size. In addition, the authors would like to mention that there are a few more practical constraints when designing the transducer, such as the coaxial-to-waveguide excitation adaptor, the impedance bandwidth of the transducer, and the mechanical support (e.g., the flange). In particular, there is an 0.1 mm gap (g) between the bottom of the aperture and the top of the dielectric layer. Therefore, the transducer aperture was finely optimized in the 3-D simulation model based on the theoretical results provided by the study. Fig. 20 shows the 3-D EM simulation model of the transducer and the notations for main dimensions. The detailed dimensions of the transducers are tabulated in Table III. The measured transmission on the TSW platform is shown in Fig. 21 . It can be observed that the 1dB and 3dB transmission bandwidths are about 29.7 (from 37.9 to 67.6 GHz) and 52 GHz (from 34.4 to 86.4 GHz), respectively. Theoretically, such TSW platform can support communications systems requiring data rate on the order of tens of gigabits per second. Moreover, the average transmission over the 140 mm separation is about −16 dB, which is much higher than that of the free space communication. The transmission for the cases free space communication and over a piece of perfect electric conductor is also included for the readers' reference. The measured results generally follow the trend of the simulated results, both results match well with each other below 45 GHz, and the discrepancy starts to increase to about 1 dB up to 60 GHz, but it increases further to 3 dB after 60 GHz. The authors suspect such difference may cause by the relative higher dielectric loss at higher frequency in the microwave substrate. Also, as explained, the surface impedance of the presented model is only j 100 , rather than the optimal j 250 ; it is also expected that the transmission will be higher if the TSW platform is realized on a proper microwave substrate, although the transmission bandwidth will be of similar order.
V. CONCLUSION
This paper has introduced the design method of a rectangular aperture transducer on a wideband reactive surface and a validation method for computing the TSW excitation efficiency based on the TSW theory, and 3-D electromagnetic simulation software is derived. The method is applicable to the arbitrary reactive surfaces of different impedance and transducers. Then, the paper focuses on finding the optimum aperture height for maximum TSW excitation efficiency. The TSW excitation efficiencies of different reactive surfaces with various vertical aperture heights have been studied, and the maximum excitation efficiency and the corresponding optimum transducer aperture height (H a ) are obtained. Furthermore, a 3-D model is set up to determine the relationship between the angular coverage and the aperture width (W a ). These studies show that the transducer aperture height causes impact on the TSW excitation efficiencies, while the transducer aperture width affects the TSW angular coverage; the aperture parameters of a transducer can be determined independently. A 52 GHz wide 3 dB-transmission-bandwidth (S 21 ) was obtained. The simulation results from the 3-D simulation model have been validated by the experimental results.
The surface wireless communications systems show many advantages, such as one-to-many (1-to-M) communication, power savings, excellent EMC characteristic, and non-lineof-sight communication, and it is receiving more attention. This paper will support the research on the TSW communications systems, including transducers and materials for reactive surfaces. It will speed up the applications of the TSW communications systems. Our future work will move onto the realization of practical wideband aperture transducers over low-loss reactive surfaces. A test bed for wideband TSW communications systems will also be implemented to demonstrate the advantages of the TSW technology.
